Imoukhuede PI, Dokun AO, Annex BH, Popel AS. Endothelial cell-by-cell profiling reveals the temporal dynamics of VEGFR1 and VEGFR2 membrane localization after murine hindlimb ischemia. Am J Physiol Heart Circ Physiol 304: H1085-H1093, 2013. First published February 1, 2013 doi:10.1152/ajpheart.00514.2012 cell surface localization plays a critical role in transducing VEGF signaling toward angiogenic outcomes, and quantitative characterization of these parameters is critical to advancing computational models for predictive medicine. However, studies to this point have largely examined intact muscle; thus, essential data on the cellular localization of the receptors within the tissue are currently unknown. Therefore, our aims were to quantitatively analyze VEGFR localization on endothelial cells (ECs) from mouse hindlimb skeletal muscles after the induction of hindlimb ischemia, an established model for human peripheral artery disease. Flow cytometry was used to measure and compare the ex vivo surface localization of VEGFR1 and VEGFR2 on CD31 ϩ /CD34 ϩ ECs 3 and 10 days after unilateral ligation of the femoral artery. We determined that 3 days after hindlimb ischemia, VEGFR2 surface levels were decreased by 80% compared with ECs from the nonischemic limb; 10 days after ischemia, we observed a twofold increase in surface levels of the modulatory receptor, VEGFR1, along with increased proliferating cell nuclear antigen, urokinase plasminogen activator, and urokinase plasminogen activator receptor mRNA expression compared with the nonischemic limb. The significant upregulation of VEGFR1 surface levels indicates that VEGFR1 indeed plays a critical role in the ischemia-induced perfusion recovery process, a process that includes both angiogenesis and arteriogenesis. The quantification of these dissimilarities, for the first time ex vivo, provides insights into the balance of modulatory (VEGFR1) and proangiogenic (VEGFR2) receptors in ischemia and lays the foundation for systems biology approaches toward therapeutic angiogenesis.
angiogenesis; peripheral artery disease; endothelial cells; skeletal muscle; quantitative flow cytometry; receptor localization; Quantibrite; hindlimb ischemia; vascular endothelial growth factor receptor THE VEGF RECEPTOR (VEGFR)-ligand family is a key regulator of angiogenesis, the growth of new blood vessels from preexisting microvasculature. VEGF binding to its receptors activates intracellular signaling pathways inducing the endothelial proliferation and migration necessary for angiogenesis. Therapeutic angiogenesis aims to treat ischemic disease through the supplementation of VEGF and/or other angiogenic growth factors (31, 48) . The use of VEGF has successfully stimulated neovascularization in animal models of ischemia (30, 68) . However, the use of VEGFs, fibroblast growth factor, hepatocyte growth factor, and other proangiogenic molecules has not yielded successful clinical outcomes (8, 31, 34) . These clinical setbacks have been attributed to inadequate dosing, duration, and delivery as well as a need to identify accurate biomarkers of angiogenic progression (31, 48) . Systems biology offers unique approaches to surmount these challenges through the coupling of sensitive measurements of the vascular microenvironment with computational modeling. These methods, experimental and computational, provide platforms for testing therapeutic conditions on multiple scales and predicting optimal treatment strategies, thus aiding to advance preclinical understanding of ischemic disease.
Computational models, based on mass-action kinetics of the VEGF-VEGFR signaling axis, have predicted the distribution of soluble VEGFR1 in peripheral vascular disease (75) and the distribution of VEGF within diseased tissue, healthy tissue, and blood (67) , and a recent computational model has included in vitro-and ex vivo-derived VEGFR surface levels on the endothelium (23) . This experimentally associated model provided insights into the pharmacokinetics of an anti-VEGF agent in the treatment of metastatic breast cancer and suggested novel neoadjuvant treatment approaches (23, 36, 37) . The incorporation of experimentally determined VEGFR surface levels into the model significantly affected the distributions of VEGF, with up to sixfold changes in predicted VEGF levels. These data support the need to sensitively determine VEGFR levels in modeled tissues. As such, this study aimed to quantify VEGFR levels on endothelial cells (ECs) isolated from ischemic skeletal muscle compared with nonischemic ECs.
Several studies (12, 26, 57, 73) have aimed to profile the VEGFR response to hypoxia and ischemia. In vitro analysis of the hypoxic VEGFR balance has shown a cell type dependence on the hypoxic response. The exposure of human dermal microvascular ECs (MECs) to hypoxic culture conditions (0.5% O 2 ) results in significant upregulation of VEGFR1 and VEGFR2 mRNA 6 -24 h later (57) . Whereas the effect of hypoxia on human umbilical vein ECs (HUVECs) remains unclear, Gerber et al. (26) showed increased VEGFR1 mRNA after 24 and 60 h of hypoxia and decreased VEGFR2 mRNA levels after 11-60 h of hypoxia (0% O 2 ). Waltenberger et al. (73) reported upregulated VEGFR2 protein after 24 h of hypoxia (2% O 2 ), and Nilsson et al. (57) and Kremer et al. (42) showed no hypoxia-induced changes in VEGFR mRNA levels. Brogi et al. (12) reported increased surface VEGFR2 after 24 or 48 h of treatment with hypoxic conditioned growth media.
Two ex/in vivo rat hypoxia models have shown significant increases in VEGFR1 and VEGFR2 gene expression after myocardial infarct (45) and after both acute and chronic hypoxia induction in the lung (69) , and microarray analysis of human skeletal muscle showed significant VEGFR2 upregulation in ischemia (70) . Despite the depth of ischemia studies, no studies have quantified the levels of VEGF surface receptors and no studies have examined the changes in VEGFR presentation on ex vivo ECs. Therefore, these results of our study, for the first time, give quantitative insights into the balance of cell surface angiogenic receptors at two different stages in the response to hindlimb ischemia.
MATERIALS AND METHODS
EC isolation. Gastrocnemius and tibialis anterior muscles were extracted from male and female 12-14-wk-old C57BL/6 mice (Jackson Laboratory). Tissue was collected from both ischemic and nonischemic limbs, thus controlling for any tissue dissociation effects. These muscles were placed in a 50-ml conical tube containing HBSS without calcium and magnesium (Mediatech, Manassas, VA). Muscle tissue was digested as previously described (36) . Briefly, tissue was minced into 1-mm sections and added to freshly prepared and filtered 0.2% collagenase type IV (Worthington Biochemical, Lakewood, NJ), which was reconstituted in HBSS. Muscle tissue was digested for 30 min at 37°C with intermittent vortexting. Tissue was passed through a 70-m strainer (BD). Cells were centrifuged at 300 g for 5 min and resuspended in 30 ml of 0.2 m filtered isolation buffer containing PBS without calcium and magnesium (Invitrogen), 2 mM EDTA (Mediatech), and 0.1% BSA (Sigma). ECs were isolated from the cell suspension using DSB-X (Invitrogen) biotinylated mouse CD31 antibody (eBioscience and BD Bioscience, San Diego, CA) and FlowComp Dynabeads (Invitrogen) according to the manufacturers' instructions.
Cell staining and flow cytometry. Aliquots (25 l) of isolated cells (ϳ1 ϫ 10 4 -1 ϫ 10 5 cells) were added to tubes and dually labeled with 10 l of FITC-conjugated monoclonal antibody to mouse CD34 (BD Pharmingen) and phycoerythrin (PE)-conjugated monoclonal antibody at a final concentration of 14 g/ml for VEGFR1 and VEGFR2 (R&D). Since CD31 is also expressed on T cells, B cells, natural killer cells, macrophages/monocytes, granulocytes, and platelets, we used CD34-FITC as a secondary marker, which is expressed on ECs, stem cells/precursors, mast cells, and neurons, the latter of which was excluded by the prior CD31 magnetic bead separation (55) . The concentrations used have been reported to be saturating by the manufacturer, and we (36) have previously tested anti-human VEGFR (hVEGFR)1-PE, anti-hVEGFR2-PE, anti-hVEGFR3-PE, and antihuman neuropilin 1 (hNRP1)-PE (R&D Systems) at concentrations recommended by the manufacturer and independently confirmed those concentrations to be saturating. Tubes were protected from light and incubated for 40 min on ice. Cells were washed, centrifuged twice with 4 ml FBS stain buffer, and resuspended in 400 l stain buffer.
As previously described, flow cytometry was performed on a FACSCalibur; CellQuest (BD) software was used for data acquisition and Flow Jo (TreeStar) was used for data analysis (36, 37) . Tubes were vortexted before placement in the flow cytometer, and 5,000 -10,000 positive events were collected. Nonlabeled cells were analyzed to establish cell background conditions (Fig. 1A) . PE-labeled cells were analyzed to establish the PE fluorescence signal (Fig. 1B) . Single cells were selected (gated) for CD34-FITC-positive cells (FL1 channel/FITC fluorescence; Fig. 1, C and D) . Cells were further gated in the forward scatter and side scatter channels to select the single cell population (Fig. 1E) . Quantibrite PE beads (BD Biosciences) were gated in the forward scatter and side scatter channels to select the bead population (Fig. 1F) . Quantibrite bead histograms were used to determine PE (FL2 channel) geometric means for the Quantibrite PE beads using the same compensation and voltage settings for acquiring cell fluorescence data (Fig. 1, G and H) . Using PE geometric means and the numbers of PE molecules per bead for fluorescence values of low (474 PE molecules/bead), medium low (5,359 PE molecules/ bead), medium high (23,843 PE molecules/bead), and high (62,336 PE molecules/bead) fluorescing beads provided by BD, a calibration curve was formed, which was fitted by linear regression using the following equation: y ϭ mx ϩ b, where x is log 10(PE molecules/cell), y is log10(FL2 geometric mean for anti-VEGFR-PE), m is the slope of the PE bead calibration curve, and b is the y-intercept of the PE bead calibration curve (Fig. 1H) . PE geometric means from antibodylabeled cells were used to determine the number of receptors bound per cell. The background fluorescence intensity in the PE channel was obtained from cells labeled with CD34-FITC only. This background fluorescence intensity was used to calculate the corresponding number of PE molecules per cell. This value was subtracted from the number of receptors bound per cell.
Cell-by-cell analysis. For a given experiment, single cell fluorescence intensity data from the gated population were extracted using FlowJo (Tree Star, Ashland, OR). EC FL2 fluorescence intensity was converted to receptor localization using the PE bead calibration obtained during the imaging session. Receptor levels were pooled, and data 3 SDs above the mean were excluded. Histograms were created with bins of 500 receptors. Medians and coefficient of variations are shown in Table 1 . A two-sample Kolmogorov-Smirnov test was performed in Matlab to determine whether the histograms were from a common distribution. In each case, the Kolmogorov-Smirnov test found the distributions to be significantly different.
Hindlimb ischemia and laser-Doppler imaging. Hindlimb ischemia was performed by unilateral femoral artery ligation and excision on days 3 and 10 postischemia, as previously described (20, 32) . Day 3 is a time point that is well studied (32, 47, 52) , providing insights into the early response to ischemic injury at a point when much of the variability that occurs in the postoperative period has resolved and flow and, in most cases, VEGF levels are significantly increased. Day 10 provides an intermediate time point after ischemic injury, where there is an acceleration in perfusion recovery (20, 32) . Perfusion flow in ischemic and contralateral nonischemic limbs was measured with the use of laser-Doppler perfusion imaging (Perimed, Stockholm, Sweden) at baseline and at preselected postoperative time points, as previously described (20, 32) .
RNA isolation and quantitative RT-PCR. Total RNA was isolated and analyzed by real-time quantitative RT-PCR, as previously described (19) . Briefly, after extraction, RNA was treated with DNase and purified with use of an RNeasy Mini kit (Qiagen), according to the manufacturer's protocol. Total RNA (1 g) was used for first-strand cDNA synthesis by reverse transcription with Multi-Scribe reverse transcriptase and random hexamer primers following the manufacturer's instructions (GeneAmp Gold RNA PCR reagent kit, AB Applied Biosystems, Foster City, CA). Taqman probes and primer sets for VEGFR2 and CD31 were from Applied Biosystems. Real-time quantitative RT-PCR is performed on an I cycler (Bio-Rad, Hercules, CA). For each sample, an amplification plot was generated. From each amplification plot, a threshold cycle value was calculated, representing the PCR cycle number at which fluorescence was detectable above threshold. Negative controls lacking template cDNA were included in each experiment.
Statistical analysis. Values are expressed as means Ϯ SE. Unless otherwise noted, P values of Ͻ0.05 were considered statistically significant using Student-Newman-Keuls ANOVA. P values are shown in the figures. Comparison of significance between two groups was analyzed with Student's t-test.
RESULTS

Optimization of quantification ex vivo.
Our previous quantification of VEGFR levels, in vitro, determined conditions for per-forming receptor quantification. Antibody specificity was confirmed by testing porcine aortic ECs (kindly provided by Dr. Shay Soker, Wake Forest University) expressing hVEGFR2 and hNRP1. Saturating antibody conditions were identified by measuring fluorescence intensity over a range of antibody concentrations. Cell dissociation conditions were optimized to ensure the preservation of target receptors, and monomeric antibody binding was established through flow cytometry-fluorescence resonance energy transfer experiments (37) . Compared with quantification in vitro, additional steps are required for quantification ex vivo; these steps include tissue harvest and tissue dissociation. To identify whether receptor levels are compromised during enzymatic digestion, we (36) previously tested HUVECs under the same enzymatic dissociation conditions that we used on the dissected skeletal muscle tissue and determined that VEGFR1 and VEGFR2 surface levels were unaffected by collagenase digestion. This was a significant finding, since serine proteases (e.g., trypsin), which are intrinsic to collagenase, may significantly affect cell isolation yields (62) . This finding mirrored our previous work (37) in vitro, which showed that VEGFR1 and VEGFR2 surface levels were unaffected by trypsin. However, NRP1 surface levels on HUVECs were significantly affected by each of the enzymes tested. The collagenase-mediated decrease in NRP1 levels was consistent with our previous finding in vitro of trypsin significantly decreasing NRP1 levels (37) . As such, we will not report levels of the NRP1 coreceptor ex vivo.
Determination of the effectiveness of antibody-bead cell isolation. To determine the effectiveness of the antibody-bead separation, we assess CD31 mRNA expression levels in two cell fractions: cells positively isolated with CD31 antibody (CD31 ϩ isolate) and cells that were not captured by the CD31 cell surface antibody (CD31 Ϫ isolate). mRNA analysis confirmed significant CD31 ϩ cell enrichment, with the nonischemic limb showing 25-fold higher CD31 mRNA levels in the CD31 ϩ isolate compared with the CD31 Ϫ isolate (Fig. 2) . Similarly, significant CD31 ϩ cell enrichment was seen in the ischemic limb, with ϳ10-fold higher CD31 mRNA levels in the CD31
ϩ isolate compared with the CD31 Ϫ isolate (Fig. 2) . Quantification of VEGFR surface levels. On day 3 of hindlimb ischemia, we observed 80% lower VEGFR2 surface levels on ECs from the ischemic hindlimb relative to the nonischemic hindlimb (P Ͻ 0.01; Fig. 3A ): ischemic hindlimb ECs contained ϳ300 VEGFR2/EC versus 1,400 VEGFR2/EC from nonischemic hindlimb ECs (Table 1) . Cell-by-cell analysis revealed that this decrease in VEGFR2 surface levels occurred across the entire ischemic endothelial population (Fig. 4B) . Furthermore, these ischemic ECs displayed greater homogeneity in VEGFR2 levels relative to nonischemic ECs. Surface levels of VEGFR1 on ECs were comparable in the nonischemic and ischemic hindlimb, with ϳ1,700 VEGFR1/EC after 3 days of ischemia (Table 1) . Comparable VEGFR1 surface levels were also observed in the cellby-cell analysis with overlapping EC distributions (Fig. 4A) .
By day 10 of hindlimb ischemia, ECs from the ischemic hindlimb presented 40% higher VEGFR1 surface levels (P Ͻ 0.001; Fig. 3B ). These upregulated levels of surface VEGFR1 on ischemic ECs also coincided with ϳ40% higher mRNA expression of the proliferation marker proliferating cell nuclear antigen/cyclin (PCNA) (14) and ϳ30% higher urokinase plasminogen activator (uPA) and ϳ40% higher uPA receptor (u-PAR) mRNA levels in ischemic ECs compared with nonischemic ECs, suggesting that 10 days of ischemia induces increases in endothelial proliferation and migration (Fig. 3, C  and D) (60) .
Cell-by-cell analysis showed that the 40% increase in endothelial surface VEGFR1 levels could be attributed to the increased frequency of ECs displaying high surface levels of VEGFR1 in the ischemic limb compared with the nonischemic limb following the density crossing point (the intersection of the distributions; Fig. 4C ). Surface levels of VEGFR2 on ECs on day 10 of hindlimb ischemia were comparable in the nonischemic and ischemic limbs, presenting ϳ700 -800 VEGFR2/EC (Table 1) . On a cell-by-cell level, we observed overlapping endothelial distributions in the nonischemic and ischemic limbs (Fig. 4D) . Between days 3 and 10, average levels of VEGFR2 appeared to decrease in the nonischemic hindlimb (ϳ450 VEGFR2 decrease); however, ANOVA showed that the decrease seen across these days was not statistically significant (P ϭ 0.056).
We also analyze the skewness and kurtosis to quantitatively describe the population distributions relative to a Gaussian distribution. The positive skewness for each of the distributions (Fig. 4) illustrated the decreasing frequency of ECs with high surface VEGFRs (18) , whereas the positive kurtosis across all EC populations demonstrated the heavier tails and higher peak of the distributions relative to a normal distribution (Table 1) (5).
DISCUSSION
The VEGFR-ligand family serves as a key mediator of angiogenesis. Under ischemic or hypoxic conditions, VEGFs are secreted and bind to VEGFR1, VEGFR2, and VEGFR3 as 
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CD31
ϩ /CD34 ϩ cells were isolated from the nonischemic and ischemic hindlimbs of C57BL/6 mice. Fig. 2 . Validation of EC isolation through RT-PCR. CD31 mRNA expression was 25-fold higher in nonischemic limb cells isolated using the anti-CD31 antibody magnetic bead separation (CD31 ϩ isolate) compared with the corresponding nonischemic limb cell fraction that did not bind the anti-CD31 antibody (CD31 Ϫ isolate). Similarly, CD31 mRNA expression was 10-fold higher in ischemic limb cells isolated using the anti-CD31 antibody magnetic bead separation (CD31 ϩ isolate) compared with the corresponding ischemic limb CD31
Ϫ isolate. **P Ͻ 0.01; ***P Ͻ 0.001.
well as coreceptors NRP1 and NRP2. The activation of these receptors leads to EC proliferation and migration and the sprouting of new capillaries, which constitutes the process of neovascularization within the tissue, relieving the ischemic burden. As such, the VEGF-VEGFR signaling axis has been extensively explored toward the treatment of ischemic disease (71) , with the goal of increasing collateral vessel density, thus providing increased blood flow to ischemic tissues (2) . A number of factors are critical in rendering the extracellular VEGF signal to an intracellular response, but none is more Fig. 3 . Cell surface levels of VEGFR1 and VEGFR2 on ECs in nonischemic and ischemic hindlimbs. A: at 3 days postischemia, ischemic and nonischemic CD31 ϩ /CD34 ϩ cells (ECs) had similar VEGFR1 surface levels (1,700 Ϯ 200 and 1,690 Ϯ 130 VEGFR1/cell, respectively). VEGFR2 surface levels were significantly downregulated on ECs in the ischemic hindlimb, with 320 Ϯ 30 VEGFR2/cell compared with 1,420 Ϯ 170 VEGFR2/cell in the nonischemic hindlimb. B: at 10 days postischemia, VEGFR1 surface levels were significantly upregulated in the ischemic limb, with ischemic ECs displaying 2,360 Ϯ 220 VEGFR1/cell versus 1,350 Ϯ 160 VEGFR1/ cell in the nonischemic hindlimb. VEGFR2 surface levels on ECs were comparable, with 740 Ϯ 100 VEGFR2/cell in the ischemic limb and 900 Ϯ 140 VEGFR2/cell on the nonischemic hindlimb. C: at 10 days postischemia, ECs from the ischemic limb expressed 40% higher mRNA levels of the proliferation marker proliferating cell nuclear antigen (PCNA) compared with ECs from the nonischemic limb. D: at 10 days postischemia, ECs from the ischemic limb expressed ϳ30% and ϳ40% higher mRNA levels of the migration markers urokinase plasminogen activator (uPA) and uPA receptor (uPAR), respectively, compared with ECs from the nonischemic limb. *P Ͻ 0.05; **P Ͻ 0.01; ***P Ͻ 0.001. important than the absolute amounts of the two main receptors, VEGFR1 and VEGFR2, as well as their ratio. As such, their surface levels significantly affect the signaling within the skeletal muscle microvasculature that drives angiogenesis.
We identified an 80% downregulation of VEGFR2 surface levels across all ECs at 3 days postischemia induction, and at 10 days we observed a 40% upregulation of VEGFR1 surface levels, which was associated with the presence of an endothelial population with high VEGFR1 surface levels and increased expression of proliferation (PCNA) and migration markers (uPA and uPAR). These results provide complimentary insights with what has been previously reported from intact muscles, where VEGFR2 expression was shown to increase by ϳ13-fold at both days 3 and 10 after hindlimb ischemia with no changes in VEGFR1 expression at either time point (32) . The sensitivity intrinsic to resolving receptor changes in isolated ECs combined with the evaluation of cellular heterogeneity on a cell-by-cell level provides improved insights into the ischemia-induced shifts in VEGFR levels.
Cell-to-cell variability may play an important biological role, and it has been the subject of systems biology research (56, 59) . Stochasticity in gene expression leads to cell-to-cell variability in mRNA and protein levels, which can translate to heterogeneous receptor levels across similar ECs (21, 61) . Furthermore, within tissue, ECs can take on differing roles: ECs involved in sprouting angiogenesis can take on either a primarily proliferative phenotype of stalk cells or a primarily migrating phenotype of tip cells. These differing EC phenotypes may contribute to innate heterogeneity in surface receptor levels.
The vascular structure can also contribute significant functional heterogeneities, with large vessels driving arteriogenesis and microvessels driving angiogenesis, distinct processes that may result in differential changes in vascular network resistance (4). In addition to such functional heterogeneities, the endothelium derived from macrovascular versus microvascular circulation may also present variability at the protein level (54). Despite this potential for microvascular versus macrovascular ischemic responses, we do not expect such heterogeneities to underlie our VEGFR surface expression ischemic responses for two reasons. First, our previous profiling of VEGFR surface expression in vitro examined both primary macrovascular cells (HUVECs) and primary MECs (human dermal MECs). The results showed similar levels of VEGFR1 on both cell types. Although we also observed significantly higher levels of VEGFR2 in MECs compared with HUVECs, the order of magnitude of these receptors was similar across these cells (37) . Second, we analyzed macrovascular and microvascular endothelial responses to VEGF and observed a significant upregulation of VEGFR1 after 24 h of exposure to 1 nM VEGF, with a significant downregulation of VEGFR2 under the same conditions. These VEGF-mediated changes in VEGFR levels occurred in both macrovascular ECs and MECs (37) , indicating that both cell types have a comparable potential for surface receptor regulatory responses.
While classically defined differences in endothelial structure may not dictate VEGFR heterogeneity, cell-by-cell analysis tools can inform on differential expression patterns have revealed increased heterogeneity in endothelial VEGFR1 surface localization aftr VEGF-A-mediated upregulation of this receptor in cultured primary ECs (37) . Additionally, when cell-bycell analysis was coupled with the isolation of ECs from skeletal muscle, a subpopulation of ECs with high surface levels of VEGFR1 was uncovered (36) . These previous studies convey the necessity of tracking endothelial changes in receptor levels and profiling endothelial populations, both of which we have addressed in this study.
Upregulation of VEGFR1 at day 10 of hindlimb ischemia. Given the role of VEGFRs as the initial conduit of the extracellular VEGF signals, several studies have sought to monitor changes in VEGFR gene and protein levels in ischemia. Therefore, the increased levels of surface VEGFR1 on day 10 of ischemia suggests a significant inductive role for VEGFR1 in ischemic signaling outcomes. Previous studies (32, 46) have reported no changes in VEGFR1 protein levels in ischemic skeletal muscle compared with nonischemic skeletal muscle on days 3 and 10 after femoral artery ligation, despite an upregulation of VEGF-A protein levels at 3 days postischemia. Although total protein levels may not directly correlate with surface receptor levels, the recruitment of intracellularly localized VEGFR1 may explain the increased VEGFR1 surface levels that we observed.
VEGFR1 trafficking may play a significant role in angiogenic signaling. Intracellular VEGFR1 stores represent a significant fraction of total VEGFR1, with ϳ80% of total VEGFR1 being localized intracellularly in the Golgi apparatus (53) and in the nucleus (76) . VEGFR endocytosis occurs through a clathrinmediated pathway, and VEGFR1 shows little to no constitutive recycling in vitro (39) . However, VEGFR1 levels can be regulated by VEGF, which stimulates trans-Golgi network to plasma membrane translocation of VEGFR1. Trafficking components, such as syntaxin and synaptosomal-associated protein 25, are regulated by neuronal ischemia (1, 13) . However, the components of VEGFR1 endocytosis and exocytosis have not been fully characterized; as such, any ischemia-induced changes in VEGFR1 trafficking are yet to be established. In light of the upregulation of VEGFR1 that we report here, additional work is necessary to determine any ischemia-induced regulation of VEGFR1 trafficking.
The upregulation of endothelial VEGFR1 on day 10 of ischemia also coincides with increased angiogenic readouts: increased mRNA expression of migration and proliferation markers in the ECs. Critical to the process of angiogenesis is the degradation of the extracellular matrix, allowing for endothelial migration. This process is mediated by several enzymes, including matrix metaloproteinases and serine proteases, through the action of the uPA-uPAR axis (28, 43) . Activated uPA converts plasminogen to the protease plasmin, allowing for both degradation of the extracellular matrix and activation of matrix metaloproteinases. Furthermore, uPAR has been reported to localize on the leading edge of migrating ECs, possibly serving a role in VEGF-mediated migration (11) . Therefore, the upregulated uPAR and uPA mRNA expression that we observed are indicative of increased proteolytic activity and a migratory phenotype in these ECs on day 10 of ischemia. Similarly, the upregulated PCNA indicates significant endothelial proliferative activity (14) .
The upregulated proliferation and migration markers along with the upregulated VEGFR1 on day 10 postischemia further advance the question of the role of VEGFR1 in angiogenic and/or arteriogenic responses. VEGFR1 is widely believed to function as a negative regulator of angiogenesis. VEGFR1-null mice exhibit a disorganized embryonic vasculature marked by endothelial overgrowth and are embryonically lethal (24, 65) . This indicates a role for VEGFR1 in the regulation of vascular network organization during development. Second, VEGFR1 tyrosine kinase domain-deficient homozygous mice develop a normal vasculature (35) , indicating a role for VEGFR1 in the negative regulation of endothelial proliferation during development. Finally, the Ͼ10-fold higher VEGF-binding affinity to VEGFR1 compared with VEGFR2 (VEGFR1 K d : ϳ10 pM vs. VEGFR2 K d : 75-700 pM ) (72) but 10-fold lower VEGFR1 kinase activity relative to VEGFR2 suggests that VEGFR1 may serve as a decoy receptor, sequestering VEGF to produce an antiangiogenic response (72) , or that it may serve to modulate VEGFR2 activation (3) .
The expression pattern of VEGFR1 may also provide insights to its functional role. VEGFR1 is highly expressed on the plasma membrane of BALB/c-derived fibroblasts (36) , and primary fibroblasts express both VEGFR1 mRNA and protein with a functional role of inducing fibroblast migration (38) . In corneal fibroblasts, migration can be abolished with bevacizumab treatment (9) . This VEGFR1-mediated migratory function has also been observed in macrophages (64) , monocytes, and ECs (41, 66) . These previous studies provide significant insights into the principles underlying the ischemia-induced upregulation of VEGFR1: as a potential contributor to endothelial proliferation, migration, and vascular patterning through negative regulation or modulation of aberrant neovascularization.
Downregulation of VEGFR2 on day 3 of hindlimb ischemia. Previous studies (32, 74) of hindlimb ischemia have shown significant upregulation of VEGFR2 protein levels in the ischemic limb relative to the nonischemic limb on days 3, 8, and 10 after femoral artery ligation. VEGF protein levels are increased in ischemic tissue (17) , and a previous study (32) using ELISA has shown significantly increased VEGF-A protein expression 3 days postischemia in the ischemic limb. Our cell-by-cell analysis revealed significant VEGFR2 downregulation within the entire EC population. As such, the downregulation of surface VEGFR2 that we observed, despite reports of whole tissue upregulation of VEGFR2 protein expression, may be linked to changes in trafficking, or we may have uncovered a previously masked population due to our analysis of enriched ECs.
VEGFR surface levels are regulated by trafficking processes unique to each VEGFR. VEGF significantly regulates VEGFR2 trafficking by translocating endosomal VEGFR2 to the plasma membrane (25) and to the nucleus (76) . VEGF also routes VEGFR2 to late endosomes and ultimately to degradation, generally via lysosomes and possibly through proteasomal mechanisms (22) . Trafficking studies have revealed a significant fraction, 40% of total VEGFR2, residing intracellularly (40, 53) in endosomal storage compartments (10, 22, 25, 44) . A portion of those intracellular VEGFR2 stores (ϳ50%) is then constitutively recycled. Assuming that similar processes govern the ex vivo trafficking of VEGFR2, our results may point to increased internalization of VEGFR2, possibly mediated by the increased levels of VEGF in the tissue, since VEGF can downregulate VEGFR surface levels (25, 37) .
Studies of VEGFR2 association with vascular-endothelial cadherin have shown increased VEGFR2 internalization and sustained phosphorylation of VEGFR2 in the absence of vascularendothelial cadherin, suggesting the presence of VEGFR2 intracellular signaling (44) . Intracellular tyrosine kinase receptor signaling has also been established through studies of EGF receptor (EGFR) endosomal accumulation. One study (63) has identified cell surface EGFRs as promoting cell growth and intracellular EGFRs as inducing apoptosis. Another study (66) has identified the presence of ERK-MAPK components on EGFR-containing endosomes and the presence of ligand-bound EGFRs on endosomes, suggesting the occurrence of EGFR endosomal signaling. These previously published data suggest the possibility of VEGFR2 intracellular/endosomal signaling. As such, the downregulation of VEGFR2 that we observed may be indicative of this type of process. These data underlie a need to determine whether intracellular stores of VEGFR2 contribute to angiogenic signaling.
Implications of ischemic ex vivo quantification. Our research team has developed whole body models of VEGF-VEGFR binding kinetics, which have predicted the distribution of VEGF in the body upon administration of an anti-VEGF antibody or bevacizumab, informing on the mechanism of action of this therapeutic agent (23, 67) . Such models have the power to similarly predict the optimal drug and properties for which therapeutic angiogenesis agents may have an advantageous effect. However, the predictive power of these models has previously been limited by insufficient knowledge of cell surface receptor levels. Therefore, the data that we report here provide critical parameters needed to advance systems biology models of ischemic disease (7, 27, 49, 58, 75) .
Sensitivity analysis performed on these computational models has shown that blood, healthy tissue, and diseased tissue levels of VEGF depend significantly on VEGFR surface levels on the endothelium and in stromal cells. The incorporation of experimentally determined VEGFR surface levels, levels that were one order of magnitude lower than previous estimates, resulted in up to sixfold changes in predictions of total levels of VEGF-A 165 and VEGF-A 121 in tissue (23) . In the context of our previous models, the loss of Ͼ1,000 VEGFR2 on postischemic day 3 and the gain of ϳ1,000 VEGFR1 on day 10 lie within the dynamic range with which changes in VEGF levels would be observed; however, these therapeutic angiogenesis models must be compiled and simulated with these new data to precisely predict the angiogenic response and accurately determine treatment approaches. Therefore, uncovering these timedependent VEGFR changes in ischemia will allow for more sensitive therapeutic angiogenesis models to be developed.
Quantitative profiling of VEGFRs. Prior approaches toward understanding VEGFR surface levels have largely used in vitro radioligand-binding analyses, which reported surface densities of 500 -50,000 VEGFR1/cell and 6,000 -150,000 VEGFR2/ cell; these variations can be attributed to the profiling of nonhuman, clonal, and transfected cells (29, 72) . Scatchard analysis on HUVECs has previously reported 4,200 VEGFR1/ HUVEC and 12,400 VEGFR2/HUVEC (16) . We have recently optimized a state-of-the-art fluorescence approach, presented here, toward quantitatively profiling VEGFRs on ECs in vitro (37) and ex vivo (36) . Our in vitro analysis revealed significant VEGF-mediated shifts in endothelial heterogeneity (37) , and our ex vivo analysis identified endothelial heterogeneity in two different mouse strains, whose extensively studied differences in vascular properties and ischemic responses (6, 15, 20, 33, 50, 51) may serve as proxies for human population variability.
Heterogeneity in cell populations has gained interest as a regulator of systemic response, and mapping these heteroge-neities underlies a grand challenge across cardiovascular and biomedical research. The parameters obtained from our quantitative, proteomic surface mapping of ischemia will be incorporated into our computational models, offering a better understanding of the physiological and pathological adaptations occurring within the vascular microenvironment during angiogenesis and vascular remodeling. As such, the coupling of sensitive cell isolation with quantitative, fluorescent profiling advances a novel cellular-proteomic paradigm for mapping and interpreting heterogeneity while progressing computational frameworks for predictive medicine. 
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